ABSTRACT
G
liomas originate in glial cells in the brain and are the most common type of primary brain tumor.
1,2 Low-grade gliomas (LGGs) constitute 10%-20% of primary brain tumors and mainly affect young adults. 3 For patients with LGGs, histologic grading remains the most important factor influencing prognosis. 4 Molecular markers involved in low-grade glioma pathways also play a critical role in determining prognosis. 5, 6 The TP53 mutation is an early event in genetic pathogenesis that occurs in all types of cancer. The incidence of TP53 mutation in
LGGs is approximately 53% in diffuse astrocytoma, 44% in oligoastrocytoma, and 13% in oligodendroglioma. 5, 7 Mutant p53 protein is commonly regarded as a surrogate marker for a mutation in TP53. 8 Furthermore, p53 mutations acquire oncogenic properties that enable them to promote proliferation, invasion, metastasis, and cell immortalization. 9, 10 Although it has been widely accepted that the loss of p53 function plays an important role in glioma tumorigenesis, 11, 12 the prognostic role of p53 mutations has remained controversial and no consistent relationship with response to therapy or overall outcome has been reported. 8, 13 Associations have been made that link tumor location and genetic features in glioma. For example, anatomic characteristics have been demonstrated for several tumor-related molecular bio-markers, such as 1p and/or 19q, 14 isocitrate dehydrogenase 1, 15 O6-methylguanine DNA methyltransferase (MGMT), 16 and
TP53
. 17 Because location may be related to the genetic profile of the origin of a tumor cell, [18] [19] [20] tumor location is one of the most important characteristics for predicting the development of a glioma and the prognosis of a patient. 14, 15, 18, 21 However, identifying brain tumor precursor cells and their distinct genetic profiles to increase survival via customized treatment paradigms is a major challenge in neuro-oncologic studies. 22, 23 Moreover, this issue is far from clear because anatomic characteristics of tumor-related gene expression are rarely investigated. Dichotomous statistics of tumor location based on which lobe is involved have ignored important information such as tumor size. With the goal of providing a more reliable and precise brain atlas to demonstrate the statistical correlation between p53 mutations and tumor intensity, the current study used a voxelbased lesion-symptom mapping (VLSM) approach. 24 One hundred eighty-two patients with primarily diagnosed LGG were included in this study. VLSM-defined regions associated with high expression of the p53 mutant were located mainly in the left medial and right anterior temporal lobes. Notably, patients with tumors located in VLSM-defined regions had shorter progressionfree survival times (PFSs) compared with those whose tumors occurred elsewhere.
MATERIALS AND METHODS

Patients
One hundred eighty-two patients with newly diagnosed LGGs treated at our institute between September 2006 and December 2011 were enrolled in the current retrospective study. Clinical information of these patients was collected from the Chinese Glioma Genome Atlas data base (http://www.cgga.org.cn). Inclusion criteria were the following: 1) histologic confirmation of the LGG with no previous diagnosis of any type of brain tumor, 2) no history of radiation therapy or chemotherapy, 3) no history of biopsy, 4) high-resolution presurgical T2-weighted images, and 5) tissue available for testing p53 expression. Histologic diagnoses were re-evaluated by 2 neuropathologists for all cases according to the new World Health Organization classification of tumors of the nervous system. Surgical resection was used to establish histopathologic diagnoses for all patients. Corresponding frozen tissues were reviewed to ensure a minimum of 80% tumor nuclei and a maximum of 50% necrosis. 25 Additional patient characteristics are summarized in the Table. This study was approved by the institutional review board, and written informed consent was obtained from all patients.
MR Imaging and Tumor Registration
MR imaging for most patients (n ϭ 129) was performed on a Magnetom Trio 3T (Siemens, Erlangen, Germany) scanner. The T2-weighted image parameters included the following: TR ϭ 5800 ms; TE ϭ 110 ms; flip angle ϭ 150°; FOV ϭ 240 ϫ 188 mm 2 ;
and voxel size ϭ 0.6 ϫ 0. 
Voxel-Based Lesion-Symptom Mapping
We first examined the overlap of the normalized tumor masked regions for the entire group and 2 subgroups of patients. Consequently, we performed VLSM analysis 24 for the entire cohort of patients to determine brain regions that had a significant expression of the p53 mutant. A regression analysis relating p53 mutation to tumor intensity was fit at each voxel. Patients were then scored by the expression level of p53 mutants in their tumors. With age, sex, and pathology being regressed out, the voxels showing significant correlations of p53 mutants were identified, and the results were further corrected for multiple comparisons by using a permutation test (n ϭ 500). 26, 27 The t value of the voxel that was greater than the t value in Ͼ95% of permutations was kept in the VLSM results (with an ␣ set at .05; power, Ͼ.8). 
p53 Immunohistochemistry
Immunoperoxidase staining for p53 mutants was performed on formalin-fixed, paraffin-embedded tissue sections following the standard procedure introduced in our previous study. 28 Briefly, 5-mm tissue sections were deparaffinized, rehydrated, and incubated with 1.0% hydrogen peroxide in tris-buffered saline to block endogenous peroxidase activity. Antigen unmasking was performed by heating samples in sodium citrate buffer (10-mmol/L sodium citrate, pH ϭ 6.0) for 10 minutes at 100°C. Nonspecific protein binding was blocked by incubation in 5% horse serum in phosphate-buffered saline, and rabbit polyclonal p53 immune globulin G was then applied to the sections for 60 minutes at room temperature. Tumor sections were incubated in secondary antibody for 30 minutes at room temperature following washes in phosphate-buffered saline. Sections were washed and treated with Elite ABC (VECTASTAIN; Vector Laboratories, Burlingame, California), washed again, and then developed with 3,3Ј-diaminobenzidine tetrahydrochloride (50 mg 3,3Ј-diaminobenzidine in 100 mL phosphate-buffered saline and 150 mL of 3% hydrogen peroxide). After being rinsed in phosphate-buffered saline, slides were dehydrated in graded alcohols, cleared in xylene, and permanently covered. The immunohistochemical expressions of p53 protein were independently reviewed by 2 experienced pathologists and were then classified as the following: Ϫ, negative; ϩ, isolated positive cells; ϩϩ, clusters of positive cells; and ϩϩϩ, mostly positive cells. The scales of positive cells were then used to score mutant p53 expression levels that were documented from 0 (Ϫ) to 3 (ϩϩϩ).
Survival Analysis
Progression-free survival time was considered to be the end point of this study, measured from the date of the first surgical resection to disease progression. After subtotal resection, any volume increase of Ն25% in the MR imaging was classified as tumor progression. Any tumor regrowth after gross total resection was classified as tumor recurrence. 29 Survival differences between patients with p53 mutations and wild-type p53 were evaluated by using log-rank analysis applied to Kaplan-Meier curves. Consequently, the same analysis was also performed to test the difference in outcome between tumors associated with high-expressing regions of p53 mutations and tumors not associated with these expression patterns. Additional survival analyses in subdivided patient groups, defined by tumor location and p53 status, were performed to further evaluate the effect of p53 mutations on patient outcome. Among patients having p53 mutations, tumors associated with high-expressing regions of p53 mutations and tumors not associated with these expression patterns were input into a log-rank analysis. For tumors located in VLSM-defined regions, a survival analysis was performed on 2 groups that were determined by their p53 mutation status. Last, a multivariate Cox proportional hazard analysis was performed to determine whether factors including age, sex, history of seizures, preoperative Karnofsky Performance Status score, histopathology, and p53 mutation were predictors for PFS.
RESULTS
Demographic Characteristics
The overlap of all 182 tumors based on T2-weighted hyperintensity demonstrated 3 clusters of tumors that occurred with high frequency. Most interesting, hemispheric asymmetry was present on the overlap map ( Fig 1A) . Specifically, clusters in the right hemisphere were mainly located in the medial temporal lobe and insula, while most clusters in the left hemisphere were located in the frontal lobe, particularly at the subventricular zone surrounding the left anterior horn of the lateral ventricle. The asymmetric distribution of highly overlapping clusters implies that the occurrence and development of LGGs may have specific anatomic characteristics.
LGGs with p53 mutations occurred more frequently in the bilateral temporal lobes and the insula, while LGGs with wildtype p53 demonstrated strong localization in the left frontal lobe (Fig 1B, -C) .
Voxel-Based p53 Mutation Mapping
Note that overlaying the lesions yielded the distribution incidence of tumors, instead of truly specific anatomic correlates of the expression of mutant p53. To avoid this, we used VLSM analysis to show the statistically significant regions associated with specific genetic changes. Adequate voxels with high-power values (Ͼ0.8) were included in the analysis (Fig 2) . Two clusters associated with high expression of mutant p53 were identified in each hemisphere following the permutation-based correction, with major expression being localized to the left medial temporal lobe and the right anterior temporal lobe (Fig 3) . Overall, 78.7% (70/89) of cases were detected as having p53 mutations when their tumors involved the VLSM region; furthermore, 49.5% (46/93) of the cases showed expression of wild-type p53 when the tumor did not involve the VLSM region.
Survival Analysis
PFS information was available in 82 patients. PFS-based survival analysis showed no difference in patients with p53-mutated tumors compared with those with p53 wild-type tumors (P ϭ .2994) (Fig 4A) . In contrast, a significantly worse outcome (PFS) was observed in patients with tumors located in VLSM-defined regions compared with those with tumors outside these regions (P ϭ .0269) (Fig 4B) . To further investigate the role of p53 mutations in influencing PFS in VLSM-defined regions, we applied a survival analysis to the subdivided cohorts according to tumor location and p53 status. No significant relationship was observed among patients with tumors in VLSM-identified regions; however, a trending difference of PFS was observed among patients with wild-type and mutant p53 tumors (P ϭ .1032) (Fig 4C) . Most interesting, among p53-mutated cases, a shorter PFS was observed in patients with tumors located in VLSM-identified regions (P ϭ .0088) compared with those with tumors outside these regions (Fig 4D) . Finally, a multivariate Cox proportional hazard analysis showed that VLSM-region involvement (P ϭ .010, hazard ratio ϭ 3.909), age (40 years or older) (P ϭ .015, hazard ratio ϭ 3.400), and preoperative Karnofsky Performance Status Ͻ 80 (P ϭ .024, hazard ratio ϭ 9.222) were prognostic factors (On-line Table) .
DISCUSSION
The current study demonstrated the voxelwise brain risk atlas of LGG occurrence. More important, 2 regions associated with high expression of mutant p53 were identified in each hemisphere by using VLSM analysis. Furthermore, we demonstrated that patients with tumors located in VLSM-identified regions had significantly worse outcomes (PFS) compared with those with tumors occurring elsewhere in the brain.
Anatomic Characteristics of Genetic Changes in Tumors
Previous studies have demonstrated a correlation between genetic changes and tumor location. For instance, tumors with isocitrate dehydrogenase 1 mutations have frequently been found in the frontal lobe. 15 Additionally, the occurrences of MGMT promotermethylated glioblastomas have been lateralized to the left hemisphere, while MGMT-unmethylated glioblastomas have been lateralized to the right hemisphere. 16 Moreover, it has been shown that phosphatase and tensin homolog loss mostly occurs in the left frontal lobe 23 and that allelic loss of chromosomal arms 1p and/or 19q is more common in the frontal, parietal, and occipital lobes.
14 These molecular biomarkers have been long confirmed as playing an important role in the tumorigenesis of specific regions. In the current study, overlaying a map of tumors demonstrated that LGGs with wild-type p53 mostly occurred in the frontal lobes. In comparison, LGGs with mutant p53 were predominantly located in the bilateral temporal lobes and insula. This finding is consistent with a previous report that TP53 mutations frequently arise in the temporal lobe. 17 VLSM analyses were then applied to statistically identify the anatomic correlation between tumor incidence and gene expression. In this study, we found that 2 specific brain regions were associated with high-expression levels of mutant p53, which has not been documented in previous LGG studies. Because p53 mutation is an early event in the molecular pathogenesis of LGGs, the strong propensity for p53-mutation gliomas to occur in the temporal lobes and insula indicated that p53 mutations may play a particularly important role in glioma tumorigenesis in these regions.
11,20 TP53 mutation and loss of 1p and/or 19q were hypothesized to be mutually exclusive on the basis of previous molecular-epidemiologic evidence. 4, 17 In addition, allelic loss of chromosomal arms 1p and 19q has been shown to be common in most brain regions except for the temporal lobe.
14 On the basis of neuroimaging analysis, the current study showed that LGGs with mutant p53s were predominantly located in the bilateral temporal lobes. Of note, the inverse localization between brain regions highly associated with p53 mutations and those associated with the loss of 1p and/or 19q provided new radio-epidemiologic insight to the current hypothesis.
Origin of Low-Grade Gliomas
The current hypothesis on tumor origin holds that gliomas may arise from neural stem cells that are mostly isolated from the subventricular zone, which lines the lateral ventricles; the dentate gyrus within the hippocampus; and potentially along deep white matter tracts. 12, 20, 30 Our results, in some way, support the neural stem cell hypothesis. This finding is because of the 182
LGGs examined on T2-weighted images, most of the overlay of the tumor areas was located in the subventricular zone surrounding the left lateral ventricle, anterior horn, and hippocampus. Most important, these regions have long been proposed as a possible source of human gliomas, and a number of animal models also support this theory. Specifically, animals exposed to carcinogens and cancer-causing viruses demonstrate tumor formation within the subventricular zone, and these tumors quickly migrate into deep white matter regions, masking their original source. 19 Another model by using the human glial fibrillary acidic protein promoter to undertake hGFAP-cre-mediated deletion of p53 and NF1 showed that early inactivation of p53, in addition to NF1 loss, induces glioblastoma development with the earliest identifiable area of a tumor being confined to the subventricular zone. 31 Although neural stem cells are the source of initiation for gliomas, their progression toward a tumorigenic state may be regulated by multiple developmental signaling pathways. Notably, gene expression involved in these pathways is asymmetric. 32 For instance, the SUFU gene in the sonic hedgehog pathway is overexpressed in the left hemisphere, 33 and the activation of the sonic hedgehog pathway predisposes neural progenitor cells to glioma formation, 34, 35 which may lead to asymmetry in tumorigenesis. The current study identified the locations associated with high p53 mutation in both hemispheres, but with asymmetric distribution; these findings may serve as a new example of the asymmetric expression associated with genetic changes in brain tumors.
p53 Mutations, Tumor Location, and Survival Outcome
The prognostic or predictive role of p53 mutations has remained controversial. Inconsistent associations have been reported between the overexpression of mutant p53 and patient outcome or tumor response to therapy. 13, 29 A recent meta-analysis suggested that p53 expression is not a significant prognostic marker for hu- A, No significant difference was observed between patients with wild-type p53 tumors and those with mutant p53 tumors (log-rank, P ϭ .2994). B, A statistically significant difference in PFS was observed between patients with tumors in VLSM-identified regions and patients with tumors located outside VLSM-identified regions (log-rank, P ϭ .0269). C, Among patients with tumors located in VLSM-identified regions, a trend toward a difference in PFS was observed between patients with wild-type p53 tumors and those with mutant p53 tumors (log-rank, P ϭ .1032). D, Among patients with mutant p53 tumors, a significantly worse PFS was observed in patients with tumors located in VLSM-identified regions compared with patients with tumors outside these regions (log-rank, P ϭ .0088).
man astrocytomas (P ϭ .531, hazard ratio ϭ 1.034). 8 Most interesting, the same results were demonstrated in this study. There are 2 possible explanations for this. First, it could be that p53 status has no significant impact on survival prognosis. Second, p53 could interact with a multitude of other factors to influence prognosis. In the current study, the shortest PFS was identified in patients with mutant p53 tumors localized to VLSM-identified regions when cohorts were subdivided according to tumor location and p53 status. This finding suggests that mutant p53 has a significant influence on the prognosis of tumors involving VLSM-identified regions rather than other regions. Survival benefits from regionspecific gene expression in tumors have been reported in other molecular biomarkers. As previously discussed, tumors with a methylated MGMT promoter are associated with significantly longer survival periods when located in specific regions in the left hemisphere compared with tumors located in the right hemisphere that have an unmethylated MGMT promoter. 16 Additionally, it has been shown that tumors with mutations in isocitrate dehydrogenase 1 in the frontal lobe are associated with a favorable prognosis. 15 This study observed a significantly poor prognosis for patients with tumors located in VLSM-identified clusters, which suggests that the impact of p53 status on prognosis may also have regional specificity. We further infer that p53 mutations could play a major role in the tumorigenesis of gliomas arising from the temporal-insula area. Additionally, a multivariate survival analysis revealed that a preoperative Karnofsky Performance Status Ͻ 80, VLSM-region involvement, and age older than 40 years are significant prognostic factors for PFS in LGGs. On the basis of these findings, regions associated with a higher incidence of genetic changes (as can be identified by using neuroimaging) could potentially be used for customized molecular therapy and survival prediction.
In the current study, VLSM analysis 24, 36 was used to identify the anatomic specificity of lesion-related characteristics. Although entitled "lesion-symptom mapping," the principle of this approach allowed us to investigate the anatomic correlates of any characteristic that could be associated with tumors (genetic changes in this case). A related method, entitled "analysis of differential involvement," has demonstrated the practical role of voxel-based neuroimaging analysis in localizing tumor-associated molecular events. On the basis of a voxelwise Fisher exact test, analysis of differential involvement has been used to identify the anatomic correlates of tumor-specific biomarkers (such as MGMT methylation 16 and isocitrate dehydrogenase 1 15 ) in the brain. The VLSM approach was used in the current study, however, because the regression model is more appropriate than the Fisher exact test when analyzing the graded data of gene expression.
Limitations
Several limitations to the current study should be considered. First, PFS was used as the end point of this study because patients with
LGGs have a relatively long survival time; most of our patients are still alive. Nevertheless, patients who were not available for follow-up assessment may have influenced the integrity of our analyses. This may be the reason that no significant difference in PFS was observed between patients with mutant and wild-type p53 tumors when VLSM regions were involved. Additionally, clinical image registration of anatomically distorted brain structures into a 3D standard space can be challenging. Thus, every tumor mask was determined and manually checked by 2 independent neurosurgeons to minimize inaccuracy.
CONCLUSIONS
This analysis allowed us to identify anatomic correlations among genetic lesions on a voxel basis and levels of mutant p53 expression in a large cohort of patients with
LGGs. In addition, we demonstrated that tumor location could be an independent prognostic factor for tumor progression and that tumors located in VLSM-defined regions associated with high expression of mutant p53 have generally worse PFS. Our study provides an example that molecular-related brain regions identified on structural MRI could be used in preoperative surgical planning and clinical survival predictions.
